Phototransduction: Keep an Eye Out for Acid-Labile TRPs  by Gudermann, Thomas & Mederos y Schnitzler, Michael
Dispatch
R149nevertheless define fertile ground for
future study.
The neurogenetic approaches
unique to Drosophila have been
instrumental to our understanding
of both circadian biology and
chemosensory processing [6,19].
Although our understanding of the
underpinnings of the molecular
clock mechanism has outpaced
the particulars related to its output
pathways, it is clear that the circadian
clock is a pervasive biological
phenomenon. While this paper is not
the first to report circadian regulation
of a chemosensory system, it is the first
to directly examine the behavioural
consequences of such control. The
modus operandi for examining the
circadian control of behavior has been
heavily biased toward the central clock
in the brain. This and other recent
studies have demonstrated the
importance of peripheral clocks in
influencing behaviour; moreover, they
suggest that Paul Hardin was correct
twenty years ago when he and his
mentors first suggested that the fly
remains in synch with itself as well as
its environment via an autoregulatory
feedback loop that integrates across
multiple levels to keep time — from
molecular pathways up to behaviour
and back [20] — not unlike you and me.References
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for Acid-Labile TRPsOur mechanistic understanding of phototransduction in the Drosophila eye
is still rudimentary. Recent work demonstrates that a combination of
phosphoinositide depletion andmicrovillar acidification is sufficient to activate
light-sensitive TRPC channels.Thomas Gudermann*
and Michael Mederos y Schnitzler
Cation-permeable ion channels of
the transient receptor potential (TRP)
family have emerged as versatile
cellular sensors expressed in nearly
every cell of a living organism [1,2].
The repertoire of sensory roles
attributed to TRP channels has been
increasing continuously over the past
years and now includes vision,
thermoperception, olfaction, taste,
hearing, and touch [3]. Therefore, it
did not come as a surprise thatmalfunctioning TRP channels are
causally involved in various hereditary
and acquired human diseases and are
regarded as promising therapeutic
targets for a variety of indications [4–6].
Following the completion of the
diverse genome projects, it has
become clear that TRP channels
are conserved throughout animal
phylogeny. Mammals express 28
distinct family members, while worm
and fly genomes code for 17 and 13
TRP channel proteins, respectively [3].
On the basis of primary sequence
comparisons, the 28 human geneproducts can be assigned to seven
subfamilies (TRPC, TRPV, TRPM,
TRPA, TRPN, TRPP and TRPML) [7],
all of which can also be discerned in
Drosophila, underscoring common
evolutionary relationships.
In Drosophila photoreceptor cells
light perception and transduction takes
place in the tightly packed microvilli
that form the rhabdomere (Figure 1)
and phototransduction is initiated by
the light receptor rhodopsin, which
engages a Gq-coupled, phospholipase
Cb (PLCb)-dependent signaling
cascade that results in a light-induced
current (Figure 1B, right panel). The
spontaneously occurring trp
Drosophila mutant displays only
a transient receptor potential despite
constant illumination. Subsequently
the trp locus was identified and the
gene was cloned more than 20 years
ago [8,9]. TRP and its close homologue
TRP-like (TRPL) became the founding
members of a large family of









































Figure 1. Light-induced acidification in Drosophila microvillar rhabdomeres.
(A) A diagram of two Drosophila photoreceptors with microvilli forming a light-guiding rhabdo-
mere: on the left the photoreceptor is kept in the dark (black circle), and on the right it is kept
illuminated (yellow circle). LIC, light-induced current. (B) Structural features of TRP channels
are represented in the left panel. A TRP channel subunit possesses six transmembrane helices
(S1–S6) with a pore-forming loop (P) between S5 and S6. The amino terminus contains
a coiled-coil region and four ankyrin repeats (green barrels). The carboxyl terminus contains
the highly conserved TRP domain (red barrel), a calmodulin-binding site (yellow bead) and
the indicated structural motifs. Four TRP subunits assemble to form a functional TRP channel.
Orange arrows indicate cation influx. The right panel shows a scheme of LIC in response to
a 5 second light stimulus (yellow bar) in a rhabdomeric photoreceptor. The black arrow indi-
cates the zero current level. (C) Model of the phototransduction cascade in a photoreceptor
microvillus. Light absorption (yellow circle) converts rhodopsin to active metarhodopsin
(M*), which activates a heterotrimeric Gq protein, resulting in PLC activation. PLC hydrolyzes
phosphatidylinositol 4,5-bisphosphate (PIP2) to inositol 1,4,5-trisphosphate (IP3) and diacygly-
cerol (DAG) and releases protons. Diacyglycerols can be degraded to polyunsaturated fatty
acids (PUFA). Proton release leads to an acidification of the microvillus, activating (red arrows)
the light-sensitive transient receptor potential channels (TRP and TRPL). PIP2 depletion and
other phosphoinositides modulate both channels (green arrows).
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R150nonselective cation channels with an
unexpected diversity in the mode of
activation and in ion permeation
properties. TRP channels display
the structural hallmark of six
transmembrane domains (S1–S6),
a putative pore region between S5
and S6, as well as intracellular
amino and carboxyl termini that are
decorated with a diverse array of
structural motifs (Figure 1B, leftpanel). On the basis of biochemical
approaches and initial structural
insight, it is generally assumed that
four channel subunits assemble as
homotetramers or heterotetramers
to form a functional ion channel
complex in analogy to voltage-gated
K+ channels [10]. Those channels
genetically most related to
Drosophila TRP are referred to as
the classical — or TRPC — channelsand comprise seven subfamily
members [11].
Members of the TRPC channel
family, including Drosophila TRP and
TRPL channels, are not only genetically
related, but also share common
functional characteristics in that they
are activated through pathways
critically requiring stimulation of
PLC. However, the exact mechanism
underlying the gating of the
light-sensitive TRPC channels, i.e.
TRP and TRPL, as a consequence of
PLC stimulation remains unclear. In
a recent study published in Current
Biology, Hardie and colleagues [12]
have added an important piece of
information to the mechanistic puzzle
by proposing that TRPC channel
activation in Drosophila
photoreceptors may be mediated by
phosphoinositide depletion and proton
release resulting from PLC activity
(Figure 1C).
A hotly debated mechanism for
mammalian TRPC channel action
[13,14], originally proposed for the
founding members TRP and TRPL,
relies on PLC-induced Ca2+ release
from internal stores via inositol
1,4,5-trisphosphate (IP3) receptors
followed by store-operated Ca2+ entry
via TRPC channels. However, aside
from the many other arguments
raised regarding this proposal, the
minimal light-induced Ca2+ release in
Drosophila photoreceptors and the
lack of phototransduction defects in
IP3 receptor mutants ultimately led
to the dismissal of this model. As
a consequence, attention has
increasingly focused on the lipid
products of phosphoinositide
hydrolysis, and the prevailing
hypothesis is that TRPC channels are
activated by diacylglycerol [15], by
downstream metabolites such as
polyunsaturated fatty acids [16], or by
a reduction in membrane
phosphatidylinositol-4,5-bisphosphate
(PIP2). Evidence has been provided in
support of a role for each of these lipid
products in mediating channel gating,
but valid counter-arguments have been
raised for each scenario [8,17]. Given
that the recurring theme is that TRP
channels are very often polymodally
regulated, it is well imaginable that
more than one, and maybe all three,
of the lipid products take part in the
activation process. To this end, the
new experimental results seem
to indicate that a further event,
in addition to phosphoinositide
Dispatch
R151depletion, is required for channel
activation.
The recent article by Hardie and
colleagues [12] may represent
a profound advance in our
understanding of microvillar
photoreception. These authors draw
our attention to the fact that PIP2
hydrolysis also releases a proton.
The authors calculate that, in the
narrow confines of a microvillus,
light-induced PLC activation could
amount to an unbuffered proton
concentration of about 1 mM, which
would imply a substantial local
acidification at the microvillar plasma
membrane even under conditions of
physiological buffering capacity. In
accord with this assumption, the
authors measure pH in intact
photoreceptors and show that
illumination leads to rapid acidification
of approximately 0.2 pH units in less
than 10 milliseconds, accompanied
by a proton gradient from the microvilli
to the cell body (Figure 1A). As the
pH response to light is abolished in
Drosophila mutants lacking PLC,
Hardie and colleagues [12] offer
compelling evidence for PLC-induced
proton release in vivo.
In an additional experimental
approach, the authors challenged
photoreceptors with two different
lipophilic protonophores and observed
an acidification comparable to that
elicited by illumination as well as
concurrent activation of light-sensitive
TRPC channels following the depletion
of phosphoinositides by a variety of
experimental manipulations. Because
the specific experimental setup
allowed the authors to rule out any
contribution of the mitochondrial
uncoupling role of the protonophore
2-4 dinitrophenol to channel activation,
Drosophila photoreceptors were found
to be exquisitely sensitive to rapid and
reversible activation by the
protonophore in a pH-dependent
manner. With an elegant strategy
involving the use of the genetically
targeted PIP2-sensitive Kir2.1 K
+
channel as an in vivo biosensor, the
authors demonstrated that sensitivity
to protonophores inversely correlates
with the level of phosphoinositides in
the microvillar plasma membrane.
Last but not least, further evidence
for channel regulation by pH was
provided by heterologous expression
of recombinant TRPL channels in S2
cells. Hardie and colleagues [12]
showed that 2-4 dinitrophenol canactivate channels in isolated inside-out
membrane patches, but only in the
presence of a pH gradient imposed
from the outside. Acidification led to an
increase in NPo (product of number of
channels and open probability) values
by approximately 10-fold, mainly due
to an increase in channel opening
frequency. However, when trying to
recapitulate the phosphoinositide
dependence of TRPL channel activity in
inside-out patches, the authors found
that externally applied water-soluble,
short acyl chain diC8 PIP2




activity as predicted. In sum, the
authors propose a provocative
new hypothesis for microvillar
phototransduction and TRPC channel
activation, contending that
photoexcitation in Drosophila is
meditated by the combined effect of
phosphoinositide depletion and
acidification on light-sensitive TRPC
channels.
The results of Hardie and colleagues
[12] may represent a step towards the
holy grail of TRPC channel research —
i.e. the molecular mechanism of
channel activation—but they also raise
many interesting questions. To fulfil
their role as cellular sensors, TRP
channels can be activated by a panoply
of different stimuli. Thus, the principle
challenge for the future will be to define
the individual contribution of each of
these to the activation of light-sensitive
TRPC channels. In this context, a key
experiment to prove or disprove the
proposed model will be to buffer the
light-induced intracellular pH change
and see whether TRP and TRPL
activation is abrogated. Given the
prevailing consensus that TRP
channels are polymodally regulated,
a contextual activation mechanism
should also be considered with
diacylglycerol, polyunsaturated fatty
acids, phophoinositide depletion
and protons acting in concert to elicit
light-induced currents (Figure 1C).
However, such a hypothesis is difficult
to tackle experimentally and the
simultaneous dynamic monitoring of
four or five different messengers in vivo
is a particularly hard nut to crack.
Unfortunately, the authors have not
been able to resolve the mystery of
TRPC channel regulation by
phosphoinositides [17,18] and instead
seem to add to the overall confusion,given their apparently conflicting
observations that proton activation
of channels critically depends on
phosphoinositide depletion in vivo in
Drosophila photoreceptors, whereas
exogenously added PIP2 amplifies
rather than suppresses the activity of
heterologously expressed TRPL
channels in S2 cells. Considering the
proposed possibility that
phosphoinositides other than PIP2
may be responsible for the inhibitory
effect and that there may be a certain
requirement for constitutive and
permissive PIP2 levels in the
cytoplasmic leaflet of the plasma
membrane, it will be of utmost
importance to be able to measure
variations in the levels of individual
lipid species in photoreceptors.
Another consideration is that the
effect of phosphoinositides on TRP
and TRPL activation may be mediated
by alterations in the biophysical
properties of the lipid bilayer — for
instance, a change in the lateral
pressure profile at the protein–lipid
interface, rather than direct ligand
binding [8]. However, such a scenario
would technically be very challenging
to demonstrate.
Finally, two central issues still await
further clarification. Firstly, a direct
mechanistic molecular link between
phosphoinositide depletion and TRP
channel sensitization to protons
remains to be deciphered. Secondly,
it is not clear to what extent the
results obtained in Drosophila
photoreceptors can be generalized
and whether they also apply to the
regulation of other TRPC channels in
less specialized cell types. In this
respect there appear to be fundamental
differences between the microvillar
lipid environment of Drosophila TRP
channels and heterologously
expressed channels in cell lines. Thus,
it will be of interest to see whether
mammalian TRPC channels are also
regulated by phosphoinositides in
conjunction with pH as insinuated in
the new study [12].
So, in their recent paper Hardie
and colleagues [12] put forward an
intriguing new model for microvillar
phototransduction and TRPC channel
activation by highlighting a previously
unappreciated role for PLC-induced
proton release in vivo. Drosophila
aficionados continue to pave the way
for the discovery of activation
mechanisms and biological roles of
TRP channels.
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Poison CarefullyGenomic and biochemical analyses reveal that two independently evolved
serine protease venoms in mammals and lizards have converged on nearly
identical protein structures. Likewise, in two groups of frog, an identical toxin,
caerulein, has arisen repeatedly from unique genes in those lineages.Edmund D. Brodie, III
Are the outcomes of evolution
foreseeable destinations on the journey
of adaptation?OrareDarwin’s ‘‘endless
forms most beautiful’’ just haphazard
stops along roads to nowhere in
particular? Adaptation is driven by an
engine of natural selection continually
preserving the formswithhigher fitness,
but ultimately that engine is fueled with
randommutations. The engine cannot
push evolution in a direction that
does not arise by chance, and so the
dogmatic view of evolution is one of
unpredictability. Two recent papers in
Current Biology about the genetic and
biochemicalbasisof venomsand toxins
challenge this dogmatic preeminence
of chance in determining evolutionary
outcomes [1,2].
Is this perspective of ruling
contingency fair? Evolutionary
convergence stands as one of themost
cited lines of evidence for the power
of natural selection. Countless cases
of taxa that have evolved similar
features suggest that there is some
predictability to adaptation, at least
in a general sense. Anolis lizards ofthe Caribbean, for instance, have
repeatedly radiated from common
ancestors to fill similar ecological
niches with associated behavior and
body plans [3]. Different light sensitive
opsin proteins have arisen in bacteria
and metazoans to fulfill comparable
functions with different chemical
structures [4]. Plants of the cactus
and euphorb lineages have arrived at
confusingly similar shapes, defenses,
and stem based photosynthesis to
inhabit xeric habitats [5]. The list goes
on and on.
Most examples of convergence,
however, describe similarities of
general function and performance.
From the outside, convergent
adaptations appear alike, but in the
few cases where their mechanistic
bases have been revealed, we typically
see that evolution has built them in
different ways. Bat wings and bird
wings both evolved from tetrapod
forelimbs, but bats support their
wing membrane across the expanded
digits (‘fingers’), whereas birds have
reduced digits and a flight surface
extending off the arm and hand
bones. The devil may not be in thedetails, but contingency certainly
seems to be.
New molecular and genomic
evidence confronts this view across
wide phylogenetic divides. In a recent
paper in Current Biology [1] comparing
insectivorous mammals and lizards
(Figure 1), we learn that these disparate
vertebrate lineages have arrived at
nearly identical venom proteins
modified from serine proteases.
Natural selection appears to have
driven the proteins to the same
fundamental structures as determined
by the biochemical properties that
determine enzyme activity. In a second
paper in this issue of Current Biology
[2], phylogenetic analyses of genomic
data reveal that an apparently identical
defensive compound, caerulein, found
in two distantly related frog species has
evolved twice from two independent
genetic starting points.
Despite their wide distribution across
almost all groups of animals, venoms
are only known from a few mammals,
including shrews and the insectivore
solendon. Named for a genus of North
American shrews (Blarina), blarinatoxin
(BLTX) is a serine protease that is
clearly related to kallikrein-1 in
structure. BLTX is venomous to the
prey of shrews because it has high
catalytic activity compared to other
serine proteases. This elevated
catalysis consequently floods the
circulatory system with bradykinin,
resulting in paralysis and death.
Tracking this increased catalysis as
the source of toxicity, Aminetzach
